Introduction
[2] Active deformation along the front of the Andes in Argentina between 30°30 0 S and 32°30 0 S is characterized by the interaction between thin-skinned and thick thrust fault domains . Major structural provinces are the west directed Sierras Pampeanas to the east, the west directed Eastern Precordillera in the center, and the east directed Central Precordillera thin-skinned thrust belt to the west (Figure 1 ). Structures inherited from Paleozoic and older times are preserved in the crust beneath this frontal part of the Andes [e.g., Cominguez and Ramos, 1991; Astini et al., 1995] .
[3] Basement-involved structures of the Sierras Pampeanas formed above the southern part of the flat subduction segment Nazca plate [Isacks et al., 1982; Jordan et al., 1983; Smalley and Isacks, 1987] (inset in Figure 1 ). Onset of flat slab subduction is indicated by deformation in the Sierras Pampeanas and cessation of volcanic activity between latitudes 27°S and 33°S after $7 Ma [e.g., Kay and Abbruzzi, 1996] . Both the thin-skinned Precordillera and thick-skinned Sierras Pampeanas structures between the city of San Juan in the north and the city of Mendoza in the south show evidence of active deformation, including widespread deformation of Quaternary deposits and recent devastating earthquakes [Costa and Vita-Finzi, 1996; Costa et al., 1999 Costa et al., , 2000 (Figure 1 ). The city of Mendoza (presently with 1,025,000 inhabitants) was destroyed in 1861 by a M s = $7 earthquake [Instituto Nacional de Prevención Sísmica (INPRES) , 1995] and the city of San Juan (presently with 350,000 inhabitants) was also ruined in 1944 by an earthquake of M w = 7.0 [Castellanos, 1944; Groeber, 1944; Alvarado and Beck, 2006] . The seismic hazard in this segment of the front of the Andes is still significant as demonstrated by recent important earthquakes with M s over 7.0 damaging the city of Caucete in 1977 Figure 1 . Tectonic map of the front of the Andes between latitudes 30°S and 33°S showing the interactions between west directed Sierras Pampeanas and Eastern Precordillera and east directed Central Precordillera tectonic domains. Location of cross sections, seismic lines, regional profiles, and the map of Figure 2 are shown. The inset map shows the Sierras Pampeanas in black formed between 27°S and 33°S above a flat subduction segment. Black and white arrows are the relative convergence rates (in mm/yr) following NUVEL-1 [DeMets et al., 1990] and GPS data [Kendrick et al., 1999] . (M s = 7.4) and 1978 [e.g., INPRES, 1982; Kadinsky-Cade et al., 1985] .
[4] Although the Precordillera and Sierras Pampeanas boundary has been the focus of several studies, the crustalscale structure is still controversial due to the lack of available subsurface information. The Cerro Salinas, interpreted as the southernmost outcrop of the Western Sierras Pampeanas, displays excellent surface outcrops for both Neogene and Quaternary deposits as well as old, but relatively good, seismic coverage provided by Repsol-YPF company. The study of this region is thus of great interest to unravel the structure of this complex region.
[5] We integrate in this work surface and subsurface geology together with geomorphology around the Cerro Salinas anticline. The interpretation of seismic lines, the analysis of growth strata patterns within the upper part of the Neogene infill of the proximal Jocolí foreland basin, and interpretation of deformed geomorphic surfaces are combined (1) to characterize the shallow and deep structure of the southernmost end of the Eastern Precordillera (latitude 32°S); (2) to constrain the timing of tectonic shortening; (3) to characterize interaction between the Sierras Pampeanas and the Precordillera; and (4) to develop a regional model for crustal deformation and seismogenic sources along a 200-km-long segment of the front of the Andes between the cities of San Juan and Mendoza. Our new model for crustal structure fits well with a large number of geological and geomorphic observables and provides a new perspective on the origin and potential size of earthquakes that threaten this densely populated region of western Argentina.
Western Sierras Pampeanas and Precordillera Structure
[6] The Cenozoic structure of the front of the Andes between the cities of San Juan and Mendoza (30°30 0 S and 32°30 0 S) comprises two opposed thrust systems [e.g., Ramos, 1988] . The Western Sierras Pampeanas and the Eastern Precordillera are underlain by west directed thrust systems whereas the Central Precordillera shows east directed thrusting (Figure 1 ) [Figueroa and Ferraris, 1989; von Gosen, 1992; Ramos et al., 1997] . The Eastern Precordillera dies to the north of 30°30 0 S and beneath the east directed Central Precordillera at 32°30 0 S to the south at Sierra de las Peñas front [Costa et al., 2000] (Figure 1 ). The Sierras Pampeanas between 30°S and 32°S are defined by the Sierra de Valle Fértil to the east, the Sierra de Pie de Palo, and by a succession of relatively small hills aligned NNE-SSW, including the Cerro Barbosa and Cerro Valdivia (Figure 1 ).
[7] Late Cenozoic deformation across Sierras Pampeanas, Eastern Precordillera and Central Precordillera is well known. This Cenozoic deformation overprints a record a prolonged Paleozoic collisional characterized by the complex accretion of different terranes preserved below an unconformity at the base of the Neogene foreland basin deposits [e.g., Furque and Cuerda, 1979; Ramos, 1988] . Reactivation of these older structures and their control of the Tertiary deformation is now being studied in more detail [e.g., Alonso et al., 2005; Piñán-Llamas and Simpson, 2006] . From Cambrian to Late Ordovician times the oceanic lithosphere at the eastern margin of the Precordillera terrane subducted to the east beneath Gondwana deforming its margin by west directed tectonic imbricates involving both basement and cover rocks that formed a foredeep basin thickening to the east [e.g., Astini et al., 1995] . A flip in the subduction direction from east to west took place at Late Ordovician times with the subduction of the western boundary of the Precordillera terrane, which produced an east directed thrust system mostly involving Silurian and Devonian deep marine flysch deposits filling a foredeep basin that thickened to the west [González Bonorino, 1973] .
[8] The west directed thrust imbricate system is well recognized in the Sierra de Pie de Palo where different tectonic slices carrying Grenvillian age basement and lowgrade Neoproterozoic metamorphic cover rocks show a top to the west motion on top of each other [Galindo et al., 2004] . These imbricates overthrust Cambrian carbonates of the Caucete Group above the basal Pirquitas thrust exposed along the western flank of the Sierra de Pie de Palo. This thrust may represent the western boundary of the Sierras Pampeanas during Early Paleozoic times [Galindo et al., 2004] . Deformation in the Paleozoic collisional system migrated to the west [e.g., Vujovich and Ramos, 1994; Pankhurst et al., 1998; Ramos et al., 1998; Ramos and Vujovich, 2000] . Structures related with these imbricate thrust systems are unconformably overlain by Carboniferous continental deposits [Ramos et al., 1986; Ramos and Vujovich, 2000] . Crustal structure established in the Paleozoic therefore exerts a strong control on the present interaction between the thin-skinned Andean thrust front on the west and structures in the east in the Eastern Precordillera and Sierras Pampeanas that involve Early Paleozoic and older rocks.
Cerro Salinas Anticline
[9] Eastern Precordilleran structures occur in a narrow belt $200 km long extending from San Juan on the north to the north of Mendoza on the south (Figures 1 and 2 ). Cerro Salinas, the southernmost thrust sheet of the Eastern Precordillera, is a relatively small hill mostly formed by the resistant outcrops of Late Proterozoic-Cambrian rocks. These comprise thin marbles and schists of the Caucete Group, with total structural thickness of $500 m, which were tectonically repeated by west directed imbricate thrusts during the Paleozoic [Cominguez and Ramos, 1991] (Figure 3b ). The basal thrust of these imbricates is difficult to observe in the field but appears to cut gently folded Neogene strata along the western front of the Cerro Salinas [Cominguez and Ramos, 1991] . A highly asymmetric west verging anticline characterizes Neogene strata along strike to the south of the Cerro Salinas (Figure 2 ). The 45°, west dipping forelimb is narrow whereas the backlimb is more than 6 km wide and dips between 23°and 30°to the east (Figure 3c ). Thickness of the exposed Neogene section in the backlimb of the anticline is $1850 m. This Neogene sequence onlaps the Paleozoic imbricates on the east side of Cerro Salinas, which indicates that a paleotopographic high existed prior to Neogene deposition. To the east and south of the Cerro Salinas, folded and thrusted Quaternary terraces are preserved and help to unravel the character of recent deformation. Clearly the Paleozoic faults were reactivated in Figure 2 . Tectonic and geomorphic map of the west Sierras Pampeanas-Precordillera interaction at Cerro Salinas with location of seismic profiles and exploratory oil wells (labeled as W-A, W-B, and W-C). See the locations of satellite images in Figures 3a and 7a . MCS profile 31017 continues 9 km to the east across the undeformed Jocolí foreland basin. An interpretation of MCS profile 5377 across the Montecitos anticline is shown in Figure 9 . The rivers flow from west to east over large alluvial fans.
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[10] Folded and faulted Quaternary terraces demonstrate that the scale of the active Cerro Salinas anticline is much larger than implied by the relatively limited outcrop belt of the rocks of the Caucete Group (Figures 3c and 3d) . We describe in the following section the geomorphology around the Cerro Salinas anticline and its structure through a combination of surface and subsurface data, with emphasis on the surface expression of folding around and south of the Cerro Salinas, which is more clearly expressed than it is to the north of it. The northern continuation of the Cerro Salinas anticline, more than 40 km along strike, is affected by NNE-SSW to N-S trending faults that parallel the Sierra de Pedernal to the west [e.g., Ramos et al., 1997] (Figure 2 ).
Geomorphology of the Cerro Salinas Anticline
[11] The geomorphic expression of growing anticlines is recorded in the fluvial system of foreland basins [e.g., Burbank et al., 1996; Burbank and Anderson, 2001] . This is noticed in both old Quaternary gravel terraces as have been well preserved in folds developed along both flanks of (d) E-W view (opposite than previous picture) of one of these thrusts to show its 12-14 m displacement (the arrow above the thrust is 2.5 m long).
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Quaternary Alluvial Gravel Terraces
[12] The geomorphic expression of the N-S trending Cerro Salinas anticline is 12-15 km long with a maximum width of 5 km (Figures 2 and 3a) . Neogene red beds and overlying Quaternary terraces are uplifted above the modern regional alluvial river system, which flows from the hinterland in the west to the Jocolí foreland basin in the east. Although the anticline is doubly plunging, the anticlinal termination is clear in the south but obscure in the north (Figures 2 and 3a) .
[13] Three principal flights of Quaternary terraces (Qt 1 to Qt 3 ), etched into basement and Neogene cover rocks, outcrop in the region of the Cerro Salinas anticline (Figures 3a  and 3b) . Gravels overlying the terrace surfaces show a general east to SE direction of paleoflow similar to the modern alluvial drainage network. An individual terrace is marked by an erosional surface into bedrock (a strath) at the base and an overlying cap of gravel with variable thickness.
[14] The uppermost, oldest terrace level (Qt 1 ) shows the thickest gravel cap with a maximum thickness of 17 m. Its strath is elevated $22.5 m above the modern river channel (Figure 3 ). This oldest terrace is mostly preserved in the eastern side of the Cerro Salinas hill where it has been shielded from erosion. The strath of the intermediate terrace level Qt 2 is inset into older terrace Qt 1 and elevated about 15 m above the present river channel. It represents the most continuous surface across the Cerro Salinas anticline and thus used as a marker for recent deformation. Gravel thickness is of few meters. The preserved top of the lowermost terrace level (Qt 3 ) is elevated about 5 m above the present fluvial network and shows a very discontinuous outcrop along the major fluvial valleys.
[15] Qt 2 terrace is continuous from the forelimb of the Cerro Salinas anticline on the west to its backlimb on the east and covers a large area of the anticline to the south of the Cerro Salinas hill (Figure 3a) . A detailed topographic profile was constructed, using GPS, along this transverse to the strike of the Cerro Salinas anticline axial trace along the south side of stream 2; the gradient of which is of about 1° (  Figure 4a) . At the structural level of Qt 2 the fold geometry is a highly asymmetric west verging anticline with a 130-m western limb that dips 10°to the west, and a >3000-m-wide east flank with a very gentle 1°dip to the east. At the eastern end of Qt 2 a lower terrace, probably corresponding to Qt 3 , can be continued for another 2000 m eastward with the same 1°E dip. About 600 m to the west of where more resistant upper Pliocene conglomerates of the Mogotes Formation [Yrigoyen, 1993] are exposed in a series of topographic ridges, the inclination of this lower terrace decreases abruptly to only 0.4°to the east (Figure 3a) . The present river network also decreases its gradient to 0.4°a t about the same position and is inset into white, fine grained playa lake deposits for a distance of $5 km eastward of the Mogotes Formation hogback (Figure 4a ). Both the terrace and modern channels inclinations are consistent with detailed topographic profiles along a number of seismic lines across the study area.
[16] A well-preserved and extensive Quaternary terrace delineates the southern termination of the south plunging Cerro Salinas anticline (Figure 3a) . This terrace is lower and less dissected than Qt 2 , which implies that it is younger and tentatively correlated with Qt 3 . Although difficult to demonstrate on the basis of strath elevation and terrace preservation, a younger age for this terrace would be consistent with the younger growth of the Cerro Salinas anticline toward the south.
[17] Three west directed thrust faults cut terraces Qt 1 and Qt 2 in the backlimb of the Cerro Salinas anticline (Figures 3c  and 3d ). These faults are east dipping and parallel to the Neogene bedding. Displacement along fault planes is as large as $10-14 m (Figure 3d ). These faults are concentrated in the eastern side of the Cerro Salinas hill and die out to the south, as they do not cut the well-preserved strath at the base of Qt 2 along the south side of stream 2 (Figure 3a) . Scarp heights across the faults are several meters high and display relatively straight traces.
[18] Similar N-S trending scarps have been documented along the backlimb of other thrust sheets in the Eastern Precordillera along the Sierra de Pedernal, Sierra de Zonda and Sierra Villicum [e.g., Uliarte et al., 1987 , Martos, 1993 , 1995 Krugh, 2003; Meigs et al., 2007] (Figures 1 and 2 ). The fact that these faults are parallel to bedding in Neogene bedrock indicates they are flexural slip faults caused by folding [Yeats, 1986; Meyer et al., 1998; Meigs et al., 2007] .
Drainage System Across the Anticline
[19] The drainage system along the front of the Eastern Precordillera in the study area can be subdivided into three main reaches from upstream to downstream. The rivers generally have their headwaters to the west of both Sierra de Pedernal and Sierra de las Peñas and cross the ranges in narrow, steep-sided gorges (Figure 2 ). Well-developed alluvial fans form at the outlet of these gorges. Primary streams emerging from the range front (labels A and B in Figure 2 ) branch to the east into multiple channels delineating the active alluvial fans. Fan surface slope decreases from depositional angles of about 2 -3°in the proximal parts to $1°in distal areas across the Cerro Salinas anticline. These secondary streams gradually pass into playa lakes in the foreland to the east, which have depositional slopes of $0.4°or less.
[20] All the major channels cross the southern termination of the Sierra de Pedernal and the Cerro Salinas anticline as they flow eastward to the modern foreland (Figure 2 ). Primary stream A flows through a water gap at the southern end of the Sierra de Pedernal and continues to the east as three secondary streams (A1 to A3 in Figure 3a) . Secondary streams A1 and A2 cut relatively straight across the Cerro Salinas anticline, to the north and south of the Cerro Salinas hill, respectively. Secondary stream A3, in contrast, is deflected about 2 km to the south along the western surface expression of the Cerro Salinas anticline before crossing it (Figure 3a) . A second primary stream, stream B to the south (Figure 2 ), flows in a structural and topographic gap between the Sierra de Pedernal and the south end of the Sierra de las Peñas. Stream B is diverted to the south around both the southern terminations of the Sierra de Pedernal and the Cerro Salinas (Figure 2 ). Primary stream B is deflected about 2.5 km southward around the southern termination of the Cerro Salinas anticline ( Figure 3a ). All streams crossing the Cerro Salinas anticline are incised into bedrock.
[21] The uplifted position of the Quaternary gravel terraces and the fact they are folded and thrusted indicate the Cerro Salinas anticline is actively growing. The southward deflections of secondary stream A3 and primary stream B at the western boundary of the Cerro Salinas anticline suggest that emergence of the anticline at the surface due to lateral propagation is ongoing. The location of the change of slope from >1°to $0.4°of the rivers crossing the Cerro Salinas anticline (stream A2), which occurs to the east of the Mogotes ridge (Figure 4a ), and the point at which the primary stream B turns to the east, which occurs south of the Mogotes ridge (Figure 3a ), indicate that affect on the surface of the Cerro Salinas anticline is greater than the region of uplifted Quaternary terraces and exposed bedrock. The corresponding decrease of topographic relief, relative terrace age, and structural relief southward along the Cerro Salinas anticline together with the deflection of the southern river channels around the anticline are indicative of active southward propagation of the anticline.
Structure of the Cerro Salinas Anticline
[22] A number of multichannel seismic lines (MCS) developed by YPF during the early 1980s and three exploratory wells constrain the structure and growth history of the Figure 3a ). Terrace Q t2 shows an asymmetric anticline, which is located on top of the Neogene anticline, although it has a different shape. The abrupt change in slope of both Quaternary terrace and modern river channel has been interpreted as corresponding to the pregrowth and growth strata boundary in the Neogene strata. (b) Combined cross section using field data and line drawing along MCS profile 5367 (see location in Figure 2 ). The Cerro Salinas thrust separates a hanging wall flat from a footwall ramp. The growth syncline to the east marks the boundary with the undeformed foreland basin.
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VERGÉ S ET AL.: CRUSTAL WEDGE AND ACTIVE ANDES FRONT Cerro Salinas anticline (Figure 2 ) [Figueroa and Ferraris, 1989] . We combine field geology and interpretation of MCS profiles to define the structure across the Cerro Salinas anticline. Two profiles demonstrate that the Cerro Salinas anticline developed in the hanging wall of a thin-skinned thrust ramp and reveal the anticlinal growth history in growth strata: MCS profiles 5367 and 31017 across the central and southern segments of the anticline, respectively (Figure 2 ). Three exploration wells are incorporated into the sections and interpretations (W-A, W-B, and W-C in Figure 2 ) [Figueroa and Ferraris, 1989] . Exploratory well B is short, located in the crest of the Cerro Salinas anticline has been projected into profile 5367. Exploratory wells A and C have been projected into seismic line 31017 in the hanging wall of the Sierra de las Peñas and in the eastern limb of the Cerro Salinas anticline, respectively.
Central Segment of the Cerro Salinas Anticline Along MCS Profile 5367
[23] MCS profile 5367 in the central part of the anticline roughly parallels both continuous Neogene strata outcrops along A2 stream channel and the Qt 2 profile (Figure 4a ). The Cerro Salinas hill constitutes the western end of this cross section ( Figure 4b ). The hill consists of a stack of imbricated thrust sheets involving Proterozoic strata and has a maximum structural thickness of about 500 m. Individual east dipping thrusts separating the tectonic slices imbricates from the main basal thrust (SW segment of thrusts) to the NE where is covered by Neogene red beds [Cominguez and Ramos, 1991] . This internal arrangement is similar to the observed structure of Sierra de Pedernal, Sierra de Zonda and Sierra Villicum (Figure 1 ).
[24] In the Cerro Salinas, Neogene red beds onlap the stack of Paleozoic thrust imbricates indicating that thrusts were emplaced and formed a moderate paleotopography, with a maximum relief of a few hundred meters, prior to the onset of deposition in the Neogene Jocolí foreland basin. Two main units comprise the Neogene deposits in the backlimb of the Cerro Salinas anticline. The lower part of the Neogene sequence is $1700 m thick and is dominated by red shales, fine-grained sandstones and uncommon thin conglomeratic layers corresponding to the Mariño Formation ( Figure 4b ). Dip of this part of the Neogene succession is relatively constant and to the east (Figure 4b ), and changes systematically from a shallow $15°east dip to a constant dip of $25°east from west to east, respectively. Above these red beds, a sequence of conglomerates, the Mogotes Formation forms a hogback that outlines the backlimb of the Cerro Salinas anticline on both eastern and southern boundaries ( Figure 3a ). Mogotes conglomerates dip $15°east and rest unconformably over the lower Neogene succession.
[25] Field relationships suggest that the Cerro Salinas thrust, the basal thrust of the imbricate system, cuts Neogene deposits in the footwall. There is no west dipping forelimb preserved in the hanging wall of the Cerro Salinas thrust in this transect. The Cerro Salinas thrust can be traced along strike to secondary stream A2 (Figure 3a ). South of that point an anticlinal axial trace continues along strike to the south. The Cerro Salinas anticline is asymmetric, with a western limb expressed in both the dips of Neogene strata (45°W) and Quaternary terraces (10°W). These west dipping units are part of the very narrow ($100 m) forelimb. The eastern, backlimb dip is fairly homogeneous.
[26] Structural geometry as revealed by MCS profile 5367 fits well with the structural geometry delineated from field data. The profile shows a well imaged Cerro Salinas thrust and a thick group of hanging wall reflectors that parallel the Cerro Salinas thrust. These reflectors project up dip to the 25°east dipping lower Neogene succession (Figure 4b ). Parallel reflectors in the lower Neogene succession indicate that it is part of the pregrowth stratigraphic succession (i.e., there is no thickness change across strike). The parallel geometry of the Cerro Salinas thrust and the Neogene succession above it indicates that the hanging wall corresponds to a flat with a $25°east dip. Exploratory well B encountered late Cambrian-Early Paleozoic imbricates at a depth of 800 m in the hanging wall of the Cerro Salinas thrust [Figueroa and Ferraris, 1989] (Figure 4b ). In the footwall of the Cerro Salinas thrust there are a group of short and bright reflectors dipping 18°to the east that are cut by the fault plane. These reflectors are interpreted as part of the footwall ramp in the Neogene strata. The close proximity of the hanging wall flat reflectors and the footwall ramp reflectors supports the interpretation of thin-skinned thrusting for the Cerro Salinas [Vergés et al., 2002] . This east dipping footwall ramp continues to a depth of about 3250 m below sea level (bsl) where it changes to subhorizontal delineating a syncline (Figure 4b ). In this syncline the lowermost unit is formed by 2100 m of pregrowth Neogene strata marked by a fairly constant thickness. Above these pregrowth strata are $1800 m of strata that shows a significant decrease in thickness to the west of the syncline axial surface that separates the backlimb of the Cerro Salinas anticline and the undeformed foreland strata (Figure 4b ). This wedge-shaped geometry is characteristic of sediment deposited above a growing syncline (so-called growth strata).
[27] The Cerro Salinas growth syncline shows two upward convergent axial surfaces (Figure 4b) . We employ the terminology of growth folding of Suppe et al. [1992] to describe the nature of these two axial traces. An axial trace marking a change from constant to decreasing thickness is termed a growth axial surface. No change in stratal thickness, in contrast, is characteristic of an active axial surface. A triangular region, a growth triangle, is described by the two axial traces. The eastern of the two axial traces separates flat-lying Neogene strata from east dipping strata in both the pregrowth and growth stratal packages, neither of which change thickness across the axis. The eastern axis is therefore an active axial trace, which dips steeply toward the west in the pregrowth unit and increases dip to subvertical in the growth strata unit. A second axial surface to the west is apparently restricted to the growth strata and marks a change in dip from moderately to gently east dipping from east to west, respectively. Although the pregrowth unit apparently thins from 2100 m at depth to 1700 m to the west, it is unclear whether this thinning is associated with the growth axis. The growth axial surface, less clearly defined, dips 28°to the west. Growth strata display progressive thinning both within the growth triangle and to the west of the growth axial surface (Figure 4b ). These stratal characteristics are typical of combined kink B03S15 VERGÉ S ET AL.: CRUSTAL WEDGE AND ACTIVE ANDES FRONT band migration and limb rotation mechanisms of folding and are discussed in a subsequent section.
[28] The minimum amount of the Cerro Salinas thrust displacement in this transect is 6 km to the well-defined footwall ramp reflectors and 9.5 km to the inferred base of the footwall ramp where it intersects the active axial surface of the growth syncline (Figure 4b ). During thrust displacement, strata in the hanging wall experienced a minimum vertical uplift of about 4 km. To the west of Cerro Salinas, Neogene deposits located in the basin between the Cerro Salinas thrust and the Precordillera are relatively undeformed, but the base of the Neogene is located at about 1800 m below the present topography and thus elevated with respect the same contact in the Jocolí Basin to the east (Figure 4b ). If we assume that the base of the Neogene deposits was at the same level in hanging wall and footwall before thrusting, we must conclude that the footwall beneath the Cerro Salinas thrust has been uplifted by 2.2 km during shortening. This regional footwall uplift, however, cannot be attributed to the west directed thin-skinned thrusting of the Cerro Salinas thrust and must be related with a deeper thrust in the basement.
Southern Termination of the Cerro Salinas Anticline Along MCS Profile 31017 and Its Associated Growth Strata
[29] MCS profile 31017 crosses the south termination Cerro Salinas and the Sierra de las Peñas front. Both structures are exceptionally well imaged beneath the modern alluvial surface, as is the associated growth syncline to the east (Figure 2 ). The profile, converted to depth by Cominguez and Ramos [1991] , imaged the buried geometry of the Cerro Salinas anticline across its south termination ( Figure 5 ). These data, when tied to exploratory well C provides constraints on the timing of Cerro Salinas anticlinal growth.
[30] The Central Precordillera thrust front outcrops along the Sierra de las Peñas above the las Peñas thrust ( Figure 5 ) [Costa et al., 2000] . This emergent thrust is well imaged in the seismic line at depth. It dips an average of 20°to the west or W-SW with a similar disposition of the front southward at the latitude of the city of Mendoza [Bettini, 1980] . At the surface, the las Peñas thrust carries highly deformed Tertiary red beds above little deformed Quaternary alluvial gravels outcropping at the las Peñas river outlet (Figure 2) . Exploration well A, on the hanging wall of the Sierra de las Peñas, crossed the las Peñas thrust at about 900 m below the surface and more than 2200 m of Tertiary rocks in its footwall. Footwall structure comprises a symmetric anticline ( Figure 5 ). Below these slightly folded Tertiary deposits, a relatively thin Triassic unit constitutes the lower part of the las Peñas footwall section. These Triassic strata correspond to the eastern pinch out of a thicker Triassic basin (the buried Cuyo Basin to the south), which is partly involved in the Precordillera thrusting and exposed in thrust sheets in the Sierra de las Peñas to the west (Figure 2) .
[31] The Tertiary deposits in the footwall of the las Peñas thrust constitute a 12-to 13-km-wide basin confined between the Precordillera and the Cerro Salinas ( Figure 5 ). Two small folds showing opposite vergence deform these Tertiary deposits. A western anticline is located beneath the las Peñas thrust whereas the eastern anticline is developed above a detachment thrust in the Cerro Salinas thrust footwall. The base of the Tertiary deposits is located at a depth of 3900 m below the present surface showing a regional dip of about 1°-2°toward the east, dip which increases to about 14°east beneath the Cerro Salinas thrust. This segment of the foreland basin defined the western edge of the Jocolí foreland basin prior to growth and emergence of the Cerro Salinas thrust.
[32] An open fold characterizes the Cerro Salinas anticline on the profile and is about 5 km in width, symmetric, and is in the hanging wall of the east dipping and west directed Cerro Salinas thrust ( Figure 5 ). The Cerro Salinas thrust has a complex geometry changing from dipping 18°-24°east below the Cerro Salinas anticline to 45°east in its deeper segment. The footwall geometry shows a low-angle ramp for the shallower segment of the thrust and a highangle ramp for its deeper segment. The hanging wall geometry has a flat geometry, except where it cuts the forelimb of the Cerro Salinas anticline. Two east dipping steep thrusts with relatively small displacement complicate the geometry of the Cerro Salinas hanging wall anticline ( Figure 5 ). Although the footwall of the Cerro Salinas thrust is not well imaged in this profile, the flat geometry of its hanging wall fits with a thrust detached below, but parallel to, the base of the Tertiary succession [Vergés et al., 2002] .
[33] The Cerro Salinas thrust sheet, including the $5500-m-thick Neogene succession, defines a monocline in this seismic line. A pregrowth and growth subdivision of the Neogene strata is indicated by thickness variations and reflector geometry between Cerro Salinas and the western edge of the Jocolí Basin ( Figure 5) . A lower $2200-m-thick pregrowth unit and an upper $3300-m-thick growth unit can be differentiated across the east facing monocline. The upper part of the Neogene sequence was crossed by exploratory well C located to the SSE of the south termination of the Cerro Salinas anticline near the small village of El Ramblón (Figure 2 ). The projection of this well onto the line of the section is not straightforward due to along-strike changes of the structure. We used the syncline axial trace as a frame of reference to project the well parallel to the syncline axial trace onto the profile, because the axial trace is laterally continuous in the field and in the subsurface. Well C perforated 3076 m of Tertiary strata and ended in volcanic ash-rich deposits. These volcanic ashes were interpreted as ''Tobas grises superiores'' [Figueroa and Ferraris, 1989] , although there is no direct age control for these in the study area. The projection of the well data into the section indicates that the ash-rich beds are located very close to the contact between the pregrowth and growth units. The pregrowth unit is not exposed in this transect, but correlates with the succession of reddish mudstones and fine-grained sandstones with rare conglomerates exposed at the top of MCS profile 5367 (Figure 4) .
[34] The growth syncline on MCS 31017 shows curvedhinge zones and subparallel axial surfaces dipping steeply to the west in the pregrowth unit ( Figure 5 ). In the growth unit, the orientation of the syncline active axial surface is similar to the one in the pregrowth unit. The growth axial surface is gentler in the growth strata ($35°W) than in the pregrowth strata ($62°W) and converges upward with the active axial surface defining a growth triangle. The depositional thinning of the growth strata unit toward the crest of the Figure 2 ). We interpret the presence of the Caucete Group located at the basal part of the Cerro Salinas thrust as in MCS profile 5367 in Figure 4b . The west directed thrust in the footwall of the Cerro Salinas thrust is a structure in the Eastern Precordillera.
B03S15 VERGÉ S ET AL.: CRUSTAL WEDGE AND ACTIVE ANDES FRONT anticline is progressive in both the growth triangle domain and to the west of the growth axial surface. This is a characteristic also documented across the central segment of the anticline along MCS profile 5367 (Figure 4) . [35] There are an increasing number of both field and subsurface examples of growth synclines that show curvedhinge zones and progressive thinning within the growth triangle [e.g., Ford et al., 1997; Suppe et al., 1997] . Some of these examples have been modeled using wide hinge zones bounded by a pair of axial surfaces separated about few tens to one hundred meters [e.g., Novoa et al., 2000; HubbertFerrari et al., 2005] . In the case of the growth syncline linked to the Cerro Salinas anticline we propose a combined mechanism of growth via limb rotation and kink band migration. The mechanisms operate contemporaneously due to coupled displacement of the Cerro Salinas thrusts footwall monocline growth [e.g., Marrett and Bentham, 1997] .
[36] Displacement along the Cerro Salinas thrust is about 7 -7.5 km whereas the uplift of rocks in the hanging wall above the thrust is of 3.8 km. Part of that uplift is associated with thrust duplication by the Cerro Salinas thrust and part is related to uplift of the footwall monocline.
[37] The base of the Neogene sequence between the Cerro Salinas thrust and the las Peñas thrust is 1.8-km shallower than it is in beneath the undeformed Jocolí foreland basin to the east, similarly to more to the north along MCS profile 5367 ( Figure 5 ). At the scale of the Cerro Salinas anticline, however, the base of the Neogene sequence in the core of the growth syncline is 1.7 km deeper than along MCS profile 5367. Thus the depth to the base of the Neogene beneath the Jocolí basin and the footwall of the Cerro Salinas thrust is 1.9 ± 0.2 km deeper than along the northern profile crossing the center of the anticline (MCS 5367, Figure 4 ), indicating the southern plunge of the monocline as well.
Tectonic Wedge Model for Crustal Structure Beneath the Cerro Salinas
[38] In this section we construct a crustal-scale model that integrates field observations and fault-related fold models to Figure 6 . Crustal cross section along MCS profile 31017 to show the tectonic wedge geometry inferred from upper crustal structure. The east directed and low-angle blind fore thrust at depth explains the monocline to the east of the Cerro Salinas thrust. Paleozoic structural grain is depicted beneath the Jocolí Basin and is a widely developed fabric in the crust beneath the Sierras Pampeanas domain.
provide at least a consistent geometry for the proposed structure in an area where no deeper structural constrains are available ( Figure 6 ). Key observations that must be reconciled in this structural model include (1) the west directed Cerro Salinas thrust is thin skinned; (2) the Cerro Salinas thrust soles into a basal detachment in Late ProterozoicCambrian strata [Vergés et al., 2002] ; (3) the base of the Neogene sequence is $2 km shallower between to the west of Cerro Salinas than beneath the Jocolí Basin to the east; (4) the east facing Cerro Salinas monocline is defined by the bending of the Neogene succession and Cerro Salinas thrust above a deeper structure that shows $14°east of forelimb dip; (5) the Neogene succession is composed of pregrowth and growth units that record the growth of the monocline and, to a lesser extent, the Cerro Salinas hanging wall anticline; and (6) the growth unit defines a growth triangle in which the active axial surface coincides with the base of the footwall ramp of the Cerro Salinas thrust.
[39] Our proposed model for the Cerro Salinas at depth consists of a tectonic wedge, defined as by Shaw et al. [2005] , in which the lower fore thrust is east directed and detached at depth within the basement. The Cerro Salinas thrust is the west directed thin-skinned back thrust. These two conjugate thrusts merge at the tip of the tectonic wedge located at the lower part of the active axial surface of the growing monocline and Cerro Salinas thrust intersection ( Figure 6 ). A change in angle from subhorizontal to 14°east of the base of the Neogene marks the position of the west dipping axial surface that bounds the fore thrust hanging wall ramp to the west. This axial surface is nearly parallel to the active axial surface in the growth syncline about 8.6 km to the east. Forelimb of the wedge-top fold (14°east) below the Cerro Salinas back thrust is used to interpret the angle of the fore thrust at depth from the fold bend fault model described by Suppe [1983] . The position of the two axial traces together with the 14°east forelimb dip of the hanging wall fold indicate the fore thrust ramp dips 14°west [Suppe, 1983] . Uplift above the crest of the basement wedge explains the $2 km difference in elevation of the foreland basin strata west of the Cerro Salinas thrust relative to the base of equivalent strata in the Jocolí basin to the east.
[40] Depth converted MCS profile 31017 shows that the crust beneath the detachment in the Late ProterozoicCambrian strata is highly reflective basement and has a very distinctive structural fabric [Cominguez and Ramos, 1991] (Figure 6 ). This strongly imbricated crust is defined by two sets of planar to sigmoidal reflectors dipping $40°toward the east, interpreted as thrusts soling out in a major Proterozoic thrust detachment at $18 km of depth (17 km bsl) with a second and deeper detachment level imaged at a depth of $30 km [Cominguez and Ramos, 1991] . The detachment level at about 18 km of depth has apparently been reactivated during Tertiary-to-present shortening as indicated by earthquake focal mechanisms that show clusters of earthquakes located at 17-19 km of depth [e.g., Smalley and Isacks, 1990; Smalley et al., 1993] . To the east of the Cerro Salinas, however, reactivation of the Paleozoic structural grain is modest and the base of the Neogene succession only shows very subtle folding. To the north, in contrast, thrusting associated with reactivated basement faults deforms the upper crustal rocks as well as the Neogene succession in the Sierra de Pie de Palo [Ramos and Vujovich, 2000] , and the Bermejo Basin [Zapata and Allmendinger, 1996a] .
[41] Across the Sierra de Valle Fértil to the east of the Jocolí Basin, two deep seismic reflection profiles show the geometry of the range at depth [Snyder et al., 1990] (Figure 1 ). The range front thrust, which corresponds to a major early Paleozoic suture zone between the Cuyania terrane and the Gondwana protomargin, is blind along the south line (line 1 in Figure 1 ) and emergent along the north line (line 2 in Figure 1) . In both lines the hanging wall displays a flat fault geometry whereas the footwall is a thrust ramp. This ramp dips about 20-25°to the east and extends to a depth of 9-11 km, which is interpreted as the depth of the detachment [Snyder et al., 1990] . A second detachment level at a depth of 15-20 km is suggested on the basis of fold and fault geometry. The cumulative Cenozoic offset for the Valle Fértil thrust is $13 km [Snyder et al., 1990] .
[42] The crust in this part of the Andes at latitude 32°S is about 40 km thick [Cominguez and Ramos, 1991; Introcaso et al., 1992; Gimenez et al., 2000; Tassara, 2005] . If these crustal thickness estimates are robust, the fact that the depth distribution of earthquakes is concentrated between 20 and 30 km with a maximum depth at 35-40 km [Smalley and Isacks, 1990] suggests that the crust between 30 and 0 km deforms by brittle failure and from 30 km to the Moho by mixed brittle and plastic deformation. The crustal wedge beneath the front of the Precordillera would occur entirely above this transition because it probably extends no deeper than 18 km depth.
Timing and Shortening Rate of Cerro Salinas Wedge Emplacement
[43] Growth strata linked to the Cerro Salinas tectonic wedge provide constraints on the timing of basementinvolved shortening in the Andean foreland. A key to constraining the onset of basement deformation are the volcanic ash-rich deposits drilled in well C near el Ramblón at a depth of 3076 m interpreted as Tobas grises superiores. These deposits correspond to the youngest ash deposits within this segment of the Andean foreland (Figure 2) . The youngest volcanic layers equivalent to the Tobas grises superiores intercalate in the Neogene foreland basin sequences to the north and south of the study area. In the south, a $1700-m-thick Neogene succession outcrops around the la Pilona anticline and was deposited from 15.7 to 8.4 Ma (see location to the SW of Mendoza in Figure 1 ) [Irigoyen et al., 2000] . The Tobas de Angostura Formation outcrops in the upper part of the succession and the volcanic ashes there have been dated as 8.64 ± 0.17 Ma [Irigoyen et al., 1999] . In the Albarracín basin, to the west of San Juan, the youngest volcanic ashes are 8.3 ± 0.5Ma [Vergés et al., 2001] .
[44] Using these ages for the last ash deposition in the study region, we conclude that the volcanic rocks encountered near the bottom of well C are likely of $8.5 Ma. Shortening and folding related with the Cerro Salinas tectonic wedge thus initiated after 8.5 Ma (late Tortonian) given that the bottom of well C is near the base of growth strata. An average rate of sediment accumulation of $0.39 mm/yr (3300 m/8.5 Ma) for the growth unit is implied by this age. Use of growth strata accumulation rates to extrapolate an age for the base of the pregrowth succession is speculative because accumulation rates increase systematically between the early and late stages of foreland infilling (compiled by Vergés et al. [2001] ) but would give a minimum age of $14 Ma for the base of the Neogene section. In the La Pilona anticline and the Albarracín basin the base of the Neogene succession is exposed and ranges in age from 16 to 18 Ma, which therefore implies that the base of the Neogene succession in the study area is possibly similar in age.
[45] Assuming an age of $8.5 Ma for the initiation of the Cerro Salinas tectonic wedge, the rate of displacement along the low-angle basement fore thrust is of about 1.0 mm/yr (8.7 km/8.5 Ma), which is slightly higher than for the Cerro Salinas thin-skinned back thrust along the same MCS profile 31017 (almost 0.9 mm/yr). Horizontal shortening rate is also $1 mm/yr. The rate of uplift of the Cerro Salinas hanging wall thrust is $0.45 mm/yr (3.8 km/8.5 Ma).
6. Discussion 6.1. Regional Extent of the Cerro Salinas Deep Structure: Sierra de las Peñ as and Sierra de Pie de Palo
[46] We document in this section the lateral extent of the deep structure beneath the Cerro Salinas: to the south along the Montecitos anticline and Sierra de las Peñas and to the north along the Sierra de Pie de Palo.
Montecitos Anticline and the las Peñ as Front
[47] The southern continuation of the Cerro Salinas structure is imaged in seismic line 5377 crossing the Montecitos anticline [Costa et al., 2000] (Figure 7a ). Montecitos is a 5.5-km-long, 2-km-wide, symmetric, double plunging anticline that shows no trace of thrusting at surface. Growth strata are exposed in both flanks, including the upper Pliocene Mogotes Formation in the upper part of the exposed section [Costa et al., 2000] .
[48] The geometry of the Montecitos anticline at depth is not well imaged in any of the seismic lines. However, in MCS profile 5377 (see its position in Figure 2 ), the Montecitos anticline is located in the hanging wall of a gently east dipping thrust ramp. Neogene strata in the hanging wall show a flat geometry, parallel to the thrust plane, comparable to the ones displayed in MCS profiles 5367 and 31017 across the Cerro Salinas anticline (Figures 4  and 5) . Although the seismic line looses its quality up section, the east dipping hanging wall flat appears to connect to the Montecitos anticline near the surface indicating that the anticline formed above and related with the west directed propagation of a blind thrust at depth. Following this interpretation, the Montecitos anticline and its associated Miocene and Pliocene growth strata is likely the along-strike equivalent and southern continuation of the Cerro Salinas anticline. Accordingly, the Montecitos anti- 
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[49] The Montecitos anticline plunges to the SSW beneath the NNW-SSE trending las Peñas frontal thrust [Costa et al., 2000] (Figures 7a and 7b ). This thrust front is young and presently active as documented by the array of east directed thrusts cutting recent and very little deformed horizontal Quaternary proximal alluvial terraces at the western boundary of the foreland basin [Cortés and Costa, 1996; Costa et al., 2000] (Figure 7c ). This Precordillera front overthrusts the southern continuation of the Montecitos anticline and associated west directed blind thrust.
Sierra de Pie de Palo Structure
[50] The Sierra de Pie de Palo is one of the most spectacular uplifted blocks in the Sierras Pampeanas because of its dome geometry and high elevation (3162 m) (Figure 8a ). Its structural relief is still more impressive, particularly across the north boundary, where the relief between the top of the sierra and the bottom of the Bermejo foreland basin is more than 10 km [e.g., Zapata and Allmendinger, 1996b; Zapata, 1997; Ramos and Vujovich, 2000] . We discuss a regional section from the front of the Central Precordillera along the San Juan River to the eastern side of the Sierra de Pie de Palo in order to compare the crustal structure of the Eastern Precordillera in the north with the crustal structure to the south across Cerro Salinas. Although the cross section that parallels the San Juan River is well exposed, it is not constrained with reflection seismic data. The cross section in this paper was developed from new field data, existing maps, and reinterpretation of previously published cross sections [von Gosen, 1992; Ramos and Vujovich, 2000; Vergés et al., 2001; Meigs et al., 2007] (Figure 9 ).
[51] The Central Precordillera consists of an imbricate thrust system that detaches at Silurian-lower Devonian rocks and at a deeper level along the base of the CambroOrdovician limestones [von Gosen, 1992; Ragona et al., 1995; Ramos and Vujovich, 2000] (Figure 9 ). Near the front of the Precordillera thrust system the Silurian-lower Devonian detachment is located at about 4 km below sea level [Vergés et al., 2001] . The front of the Central Precordillera is represented by a hanging wall anticline cored by Devonian turbidites. The forelimb of the anticline is unconformably covered by the Neogene succession of the Ullum Basin. Several hundreds of meters of Quaternary alluvial infill were drilled by water wells in the center of the Ullum basin above the Neogene (see section of Colombo et al. [2000] ). The Sierra de Villicum at the eastern side of the Ullum Basin consists of a Paleozoic imbricate thrust system duplicating Cambro-Ordovician limestones that is reactivated and cuts Neogene red beds. Its basal thrust places lower Paleozoic strata in thrust contact with the Neogene sequence of the Ullum Basin. The west directed thrust on the west side of the Sierra de Villicum has been interpreted as an east dipping thrust that roots into the basement [e.g., Ramos and Vujovich, 2000; Cristallini and Ramos, 2000; Siame et al., 2002] . Bedding in the Paleozoic sequence and the thrust fault have the same dip, which strongly suggests that the thrust system is thin skinned and detached near the base of the Cambro-Ordovician strata [e.g., Krugh, 2003; Meigs et al., 2007] .
[52] Microseismicity recorded beneath the Sierra de Villicum [Regnier et al., 1992; Smalley et al., 1993] suggests active faulting between 5 and 35 km at depth with a principal plane striking N45°E and dipping about 35°NW. Focal mechanisms indicate active reverse faulting [Kadinsky-Cade et al., 1985; Smalley et al., 1993] . The fault plane has been projected onto the cross section as described by Meigs et al. [2007] (Figure 9 ). Field observations show that the Sierra de Villicum thrust sheet, like the Cerro Salinas thrust sheet, is refolded by an east facing monocline, which is interpreted to reflect the forelimb of an east directed basement wedge at depth. Slip transfer from the basement fault to one or several of the faults within the Villicum thrust system accommodates emplacement of the wedge to the east. The relation between the basement thrust, the Sierra de Villicum thrust system, and surface ruptures associated with the 1944 San Juan earthquake are described by Krugh [2003] and Meigs et al. [2007] . A recent analysis recalculated the focal mechanisms for the 1944 San Juan earthquake as well as for the one in 1952, concluding that these earthquakes occurred at depths of 11 and 12 km, respectively [Alvarado and Beck, 2006] .
[53] Sierra de Pie de Palo, to the east of the Sierra de Villicum, is a Proterozoic-and Paleozoic-cored massif that requires a different interpretation of crustal structure [e.g., Cristallini et al., 2004] . The Sierra de Pie de Palo shows a rounded topography exposing a well-preserved regional pre-Neogene peneplain at the top of basement. Its shallow structure corresponds to an antiformal culmination that plunges north and south. The dome is slightly asymmetric with a shorter and steeper east flank (Figures 8a and 8b) . Tertiary basins onlap both the east and west sides of the sierra. Although not directly constrained by subsurface data, the base of the Neogene in both basins is at a similar depth. Key observations and assumptions required to define the deep structure of the Sierra de Pie de Palo therefore include (1) the sierra is almost symmetric with very long and gentle flanks; (2) Neogene basins flank the sierra in east and west; (3) there is no major thrust reaching the surface on either flank and, if the sierra formed above a thrust, it must be blind [Ramos and Vujovich, 2000] ; (4) the structural relief of about 10 km, observed across its northern termination, corresponds to the thickness of the hanging wall above the blind thrust; (5) the pre-Neogene peneplain as well as the distribution of detailed microseismicity recorded after the Caucete 1977 event constrain the thrust geometry at depth (based on work by Ramos and Vujovich [2000] ); and (6) the inherited west directed structural grain that characterizes the Proterozoic middle crustal levels of the Western Sierras Pampeanas controls the active thrusts [e.g., Cominguez and Ramos, 1991; Zapata and Allmendinger, 1996b; Zapata, 1998 ].
[54] A fault bend fold model [Suppe, 1983] is used to define the geometry of the Pie de Palo thrust at depth (Figure 6) . A good fit with shallow structure is accomplished by using a long thrust ramp with sigmoidal geometry that has a low angle in its lower and upper segments and higher angle in the central segment. This west directed thrust ramp would sole out to the east at $19 km of depth. The ramp geometry fits the geometry of the Paleozoic imbricate thrusts observed in MCS profile 31017 as well [Cominguez and Ramos, 1991] . Given the location and orientation of proposed thrust ramp at depth, the hanging wall is about 11 km thick beneath the Pie de Palo culmination and is consistent with the maximum structural relief across the northern end of the sierra. Thrust displacement is $30 km and the thrust tip is interpreted to connect to the Villicum thrust system beneath the Tulum Basin (Figure 9 ). The transfer of such a large amount of shortening into the thin-skinned Villicum basal thrust implies a greater amount of shortening in the Sierra de Villicum than is implied in our section. If the onset of thrusting in the Neogene occurred at $8.5 Ma as it did at Cerro Salinas, a 3.5 mm/yr of displacement along the Pie de Palo thrust fault is implied. This shortening rate is consistent with the shortening estimates of 2.6 -4.6 mm/yr for the Sierra de Villicum basement monocline [Siame et al., 2005; Meigs et al., 2007] , with the present GPS-derived velocities calculated between the Eastern Precordillera and Sierra de Pie de Palo [Brooks et al., 2003] but are higher, although of the same order of magnitude, than calculated shortening rates for last $20 kyr using Quaternary faulted deposits nearby the Villicum front [Siame et al., 2002] . If the Pie de Palo thrust is a reactivation of an inherited thrust, this rate is a maximum given that an unknown amount of the 30 km displacement may have accumulated during Paleozoic shortening.
Precordillera and Sierras Pampeanas Interplay
[55] The interactions between the Precordillera and the Sierras Pampeanas in the study region have been discussed previously [e.g., Jordan and Allmendinger, 1986; Figueroa and Ferraris, 1989; Cominguez and Ramos, 1991; Cristallini et al., 2004] and are revised in the light of the new data presented in this paper. Our model for the crustal structure is in agreement with previous interpretations at the scale of the frontal Andes, models which involve opposing thrust ramps detaching at different crustal levels [e.g., Smalley et al., 1993; Allmendinger and Zapata, 1996] . Four different schematic cross sections illustrate the proposed structure along Andean thrust front in the boundary region between the Precordillera and the Western Sierras Pampeanas (Figure 10 ). These sections indicate that the regional structural style is characterized by thin-skinned thrusting in the Eastern Precordillera that is the surface manifestation of basement thrust and tectonic wedge emplacement at depth.
[56] In the north at 30°19 0 S, a transect across the Bermejo Basin based on good seismic images permitted the geometry of the thrust system to the north of the Sierra de Pie de Palo to be characterized in detail (Figure 10a ). This section, from Zapata [1998] , shows an incipient west directed structure located at a depth of about 18 km, which deforms Late Proterozoic and Lower Paleozoic rocks as well as the Neogene foreland strata. This structure cuts through 8 - 
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[57] At the latitude of Sierra de Pie de Palo (31°31 0 S) the east directed wedge fore thrust beneath Sierra de Villicum merges upward with the detachment at the base of the Late Proterozoic-Cambrian limestones but displays little displacement (Figure 10b ). The Sierra de Pie de Palo uplift, in contrast, is primarily produced by the west directed tectonic duplication of the uppermost $11-km-thick imbricated basement rocks. In detail, the Pie de Palo is inferred to be underlain by an east dipping ramp that soles out at $19 km of depth and merges upward with the shallower detachment at the base of the Late Proterozoic-Cambrian limestones. The $30 km of displacement to the west is transferred in this model to the thin-skinned Sierra de Villicum thrust system.
[58] Along strike to the south, structure beneath the Cerro Salinas (32°14 0 S) also consists of a tectonic wedge deduced from the uplift of a large portion of the foreland in the footwall of the active Precordilleran thrust front (Figure 10c ). The west dipping blind fore thrust, which dips 14°west, merges upward with a regional detachment level along the base of the Late Proterozoic-Cambrian strata of the Caucete Group. At the wedge tip, an east dipping back thrust emplaces the tectonic slices of the Caucete Group over Neogene strata. An incipient anticline in the footwall of the Cerro Salinas thrust might represent the southern end of the Eastern Precordillera ranges. Toward the east of the section, the Sierra de Valle Fértil detaches at mid crustal levels along two detachments at about 9 -11 km and 15-20 km at depth.
[59] Near the southern termination of the Eastern Precordillera at 32°25 0 S, the tectonic wedge model is still valid, but the west directed back thrust and associated Montecitos anticline are cut by the active thin-skinned thrust front of the Central Precordillera at the Sierra de las Peñas (Figure 10d ). To the east, the Sierra de Valle Fértil thrust has less displacement as suggested by the southward lowering of topographic relief.
[60] Two major blind and opposed crustal ramps corresponding to the fore thrust of the tectonic wedge in the west and to the west directed Pie de Palo thrust to the east dominate the crustal structure in the boundary region between the thin-skinned Precordillera and thick-skinned Sierras Pampeanas structural provinces. The fore thrust ramp is apparently continuous along the length of the Eastern Precordillera. An area of $7000 km 2 for this inferred ramp is estimated from the length of the tip line along strike and the downdip limit of the ramp at depth below the Central Precordillera (Figure 11 ). The westward extent of the proposed east directed blind fore thrust beneath the Ullum Basin and Eastern Precordillera is unknown. Thrust ramps cutting down a large portion of the crust or even the entire crust are supported by regional cross sections and by deep seismic lines across the northernmost Andes in Argentina where a crustal ramp is interpreted to extend into the lower crust [Allmendinger and Zapata, 2000] . Post-late Neogene uplift along the San Juan River of $1500 m since 7.1 Ma with an average rate of 0.22 mm/yr [Vergés et al., 2001] implies that the fore thrust ramp may continue at depth beneath the Central Precordillera (Figure 11 ). The Pie de Palo west directed blind back thrust is also large and covers a total area of about 6000 km 2 . Roughly 33% of that area (2000 km 2 ) is accounted for by the steep segment of the ramp below the eastern flank of the sierra (Figure 11 ).
Precordillera-Sierras Pampeanas Crustal Boundary and Its Seismogenic Implications
[61] The boundary between the Precordillera and the Sierras Pampeanas is dominated by blind thrust faults that likely extend to depth of 20 km or more and which are capable of producing large earthquakes. Historic earthquakes in the study region, however, produced minor, relatively small surface ruptures on secondary faults [Meigs et al., 2007] . Within the study region, most of these surface ruptures are interpreted as flexural slip faults. Bedding parallel flexural slip formed by both coseismic and postseismic motion as documented in the La Laja area where 30 cm of this movement was produced along a period of weeks after the main earthquake [Castellanos, 1944; Groeber, 1944] . Surface deformation is apparently dominated by folding [Kadinsky-Cade et al., 1985; Krugh, 2003; Meigs et al., 2007] similar to other well-documented blind thrust earthquakes such as those in the Los Angeles Basin [e.g., Yeats and Huftile, 1995; Shaw and Suppe, 1996; Pratt et al., 2002] .
[62] We thus propose that historical earthquakes devastating large regions of the study area occurred by the coseismic slip on these blind thrusts by the rupture of relatively large fault segments in the basement. Using the size of these events, it is possible to calculate the area of the rupture of the faults using empirical relationships for thrusts developed by Wells and Coppersmith [1994] These rupture areas at depth are compatible with the thrust fault areas of the west dipping fore thrust. The relatively small area of these ruptures compared with the assumed total area for this ramp implies either (1) that the ramp is not a continuous plane and consists of discrete segments or (2) that the seismic events ruptured small patches or segments of a single continuous thrust ramp. Although the relatively scattered distribution of deep seismicity supports the model of discrete thrust ramps, which is also implied by the complex tectonic grain inherited from the Paleozoic deformation, a very large earthquake with a magnitude of about 7.7 would result from rupturing a single ramp along the length of the Eastern Precordillera. The 1977 Caucete event (M = 7.4 [Kadinsky-Cade et al., 1985] ) requires a rupture area of about 2600 km 2 , which fits well with the proposed area for the steeper central segment of the west directed thrust ramp located beneath the eastern side of the Sierra de Pie de Palo (Figure 11 ). This result also agrees reasonably well with the observed area distribution of the aftershocks documented after the 1977 Caucete earthquake [Smalley et al., 1993] .
[63] Combining long-term fault displacement rates, potential rupture areas, and the assumption that most of this displacement is released during large earthquakes it is possible to calculate earthquake recurrence intervals [Shaw and Suppe, 1996] . Because our long-term fault slip rates are small, the estimated recurrence intervals are relatively long. The east verging blind fore thrust rate of displacement at Cerro Salinas thrust is 1 mm/yr, which suggests that recurrence interval ranges from about 1100 yr for earthquakes of M = 7 to about 2000 years for M = 7.4. For the Sierra de Pie de Palo thrust, where long-term rates are of 3.5 mm/yr, the recurrence interval for a characteristic M = 7.4 earthquake like the Caucete event in 1977 is of less than 600 years if we assume that deformation started at 8.5 Ma like in the Cerro Salinas example (30 km/8.5 Ma). If that rate is too high because some of the shortening accumulated in the Paleozoic, the recurrence interval would be longer and more consistent with the $1000 year recurrence interval estimated by Kadinsky-Cade et al. [1985] .
[64] In conclusion, the large blind crustal ramps documented in this work represent a potential source of seismic risk capable of generating large earthquakes, which will damage the cities of San Juan and Mendoza as they have in the past. The low rates of tectonic shortening accommodated by these structures in the last 8.5 Myr indicate that relatively long intervals (thousands of years) separate seismic events. This inference is supported by one of the few trench studies of an active secondary fault in the Eastern Precordillera, the Marquezado Fault to the north of Cerro Salinas, in the backlimb of the west directed Zonda thrust, which shows that the last faulting event occurred before 2505 ± 160 years, using 14 C technique [INPRES, 1982] .
Conclusions
[65] Integrated surface, subsurface, and geomorphic studies are required to constrain the tectonic structure of active mountain fronts where blind thrust faulting predominates, such as is the case of the 200-km-long front of the Andes between the densely populated cities of San Juan and Mendoza in Argentina. To define the deep structure along the boundary region between the Precordillera and the Sierras Pampeanas thick-skinned province, we combined surficial studies with interpretation of industry seismic lines to construct an integrated and quantified model of crustal architecture. This method has been applied to the Cerro Salinas at the south termination of the Eastern Precordillera and then extended to the north and south to characterize the regional structure and its seismogenic potential.
[66] The Cerro Salinas surficial structure consists of an anticline defined by both Neogene red beds and folded Quaternary fluvial terraces developed on the hanging wall of the west directed Cerro Salinas thrust. This thin-skinned thrust detached at the base of the 500-m-thick imbricated Proterozoic carbonates and shales of the Cerro Salinas hill. The recent uplift along this fold is recorded by a set of uplifted, folded and thrusted Quaternary fluvial terraces (Q t1 to Q t3 ) and by the deflection of the modern fluvial network flowing across the anticline. Displacement of the Cerro Salinas thrust is of 7 -9 km. The Cerro Salinas thrust and the western sector of the Jocolí Basin Neogene succession is folded by an east directed monocline, which is well imaged in the southern termination of the Cerro Salinas anticline along MCS profile 31017.
[67] A 5.5-km-thick Neogene sequence folded by the monocline consists of about 2.2 km of pregrowth and 3.3 km of growth strata. The growth syncline shows a growth triangle with the active axial surface pinned in the syncline axis and a growth axial surface located in the backlimb of the Cerro Salinas anticline. Growth strata thin in both the growth triangle and toward the crest of the anticline suggesting a hybrid kinematic fold evolution characterized by both kink band migration and limb rotation.
[68] The deep structure beneath the Cerro Salinas monocline is interpreted as a tectonic wedge delineated at depth by a low-angle, east directed blind fore thrust ramp with a dip of 14°. This blind fore thrust connects at its tip with the Cerro Salinas thrust, which constitutes the back thrust of the tectonic wedge. Uplift and frontal folding of the fore thrust produced the 2 km regional uplift observed of the hanging wall to the west of the Cerro Salinas.
[69] An age of $8.5 Ma for the initiation of the Cerro Salinas tectonic wedge has been determined with the regional dating of the Tobas grises superiores encountered near the boundary between the pregrowth and growth strata units. This age indicates that rates of shortening are relatively low (1 mm/yr) for the Cerro Salinas structure. The rate of uplift of the hanging wall of the Cerro Salinas thrust integrating back thrust thrust displacement and monoclinal uplift above the fore thrust of $0.45 mm/yr.
[70] The Montecitos anticline represents the southern continuation of the Cerro Salinas anticline, which is overthrust by the Central Precordillera at the active las Peñas thrust front. The northern continuation of the Eastern Precordillera tectonic wedge is located beneath the Eastern Precordillera at the Sierra de Villicum. The Sierra de Pie de Palo formed above a thick-skinned west directed blind thrust that detaches at a depth of 17 km in an intracrustal detachment. This west directed back thrust has a total displacement of 30 km that is transferred updip to a thin-skinned thrust along the basal décollement of the Eastern Precordillera.
[71] The potential seismic hazard of the blind thrusts represented by the tectonic wedge beneath the front of the Andes between the densely populated cities of San Juan and Mendoza in Argentina is high because these thrust ramps, if continuous, can rupture an area as large as $7000 km 2 producing an earthquake with a maximum M w of 7.7. The Pie de Palo blind back thrust area is $6000 km . The low rate of thrust slip documented from geological observations implies long intervals of earthquake recurrence for the basement thrusts documented in this study.
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